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TIME-DELAY-AND-INTEGRATE IMAGL
SENSORS HAVING VARIABLE
INTEGRATION TIMES

This application claims the benefit of and prionity to U.S.

Provisional Patent Application No. 61/540,113, filed Sep.
28, 2011, U.S. Provisional Patent Application No. 61/340,
117, filed Sep. 28, 2011, U.S. Provisional Patent Application

No. 61/540,120, filed Sep. 28, 2011, and U.S. Provisional
Patent Application No. 61/541,189, filed Sep. 30, 2011, the

entire disclosure of each of which i1s hereby incorporated
herein by reference.

CROSS REFERENCE TO RELATED,
COPENDING APPLICATION

Related subject matter 1s found 1n:

1. Copending patent application Ser. No. 13/625,282,
entitled “Time-Delay-and-Integrate Image Sensors Hav-
ing Variable Integration Times,” ivented by John T.
Compton and David N. Nichols, filed on Sep. 24, 2012
and assigned to the assignee hereof, now U.S. Pat. No.
9,049,353, 1ssued Jun. 2, 2013.

2. Copending patent application Ser. No. 13/625,246,
entitled ““I'nme-Delay-and-Integrate Image Sensors Hav-
ing Variable Integration Times,” mvented by Edward T.
Nelson, David N. Nichols, and John T. Compton, filed on
Sep. 24, 2012 and assigned to the assignee hereof, now
U.S. Pat. No. 8,736,924, 1ssued May 27, 2014.

3. Copending patent application Ser. No. 13/625,267,
entitled “Time-Delay-and-Integrate Image Sensors Hav-
ing Variable Integration Times,” invented by Edward T.
Nelson and John T. Compton, filed on Sep. 24, 2012 and
assigned to the assignee hereof, now U.S. Pat. No. 8,964,
088, 1ssued Feb. 24, 2015.

TECHNICAL FIELD

The present imnvention relates, 1n various embodiments, to
the construction, fabrication, and use ol time-delay-and-
integrate (TDI) image sensors.

BACKGROUND

Electronic 1mage-capture devices are typically divided
broadly into two types: cameras and scanners. Cameras
employ electronic 1image sensors that have a two-dimen-
sional (1.e., areal) array of photosensitive areas (or “photo-
sites”’) that permit an 1mage of a scene to be captured without
requiring relative motion between the scene to be captured,
the 1mage sensor, and any optical elements used for forming,
an optical 1image of the scene on the image sensor. The
photosites typically collect photon-induced electrical charge
(or “photocharge”) over some time period, and the electrical
charge 1s measured and transformed into the picture ele-
ments (pixels) of the captured image. By way of example,

the KODAK KAF-8300 1s an areal-array image sensor for
use 1n cameras. The KAF-8300 includes a 3326x2504
two-dimensional array of photosites, each of which sepa-
rately collects photocharge, and which collectively provide
8.3 million pixels 1n a captured 1mage.

In contrast, scanners typically require relative motion
between the scene to be captured and the image sensor, or
movement ol optical elements used for forming an optical
image on the sensor, to sweep the optical image of the scene
across the photosensitive areas of the electronic image
sensor. Scanners typically employ electronic image sensors
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that have a one-dimensional (1.e., linear) array of photosen-
sitive areas. Photocharge i1s allowed to accumulate over
some time period 1n the photosites, and the resulting accu-
mulated charge in each photosite 1s then measured. This
accumulate-and-measure process occurs repetitively during
the scanning process, with each iteration forming a single
line of pixels in the captured image. In this way, a two-
dimensional captured image 1s formed from successively
captured single lines of pixels. In one common scanner
variant, multiple linear arrays, each array provided with a
color-selective filter, are employed to capture color images.

By way of example, the KODAK KI.I-4104 1s a linear-array

image sensor for use in scanners. The KILI-4104 includes
four linear arrays: three separate arrays of 4080 10 um
photosites, with each array filtered to capture red, green, or
blue light, and a fourth array of 8160 5 um photosites that
are unfiltered to permit capture light over a broad color
spectrum.

Scanners are used for capturing images of documents, for
capturing images of moving items in an manufacturing plant
(for example, canned beverages), for robotic vision (typi-
cally employing a polygonal mirror to sweep the scene
image across the linear sensor), and for airplane- or satellite-
based 1maging of the surface of the Earth. In some of these
applications the image-capture device may be called a
camera, but if the application requires relative motion
between the scene and the image sensor (or movement of
optical elements to produce an effective motion of the scene
across the 1image sensor) 1t employs a scanner as the term 1s
used herein.

A time-delay-and-integrate (IDI) sensor i1s a particular
type of electronic 1image sensor employed in scanners. In
contrast to a linear-array sensor, a TDI sensor employs
multiple photosites that are used collectively to form each
pixel of the captured image. The multiple photosites used for
a given pixel are arranged in a column that 1s aligned with
the direction of motion of the optical image across the
sensor. In this way, each photosite in the column 1s presented
sequentially with a particular portion of the optical image.
The photocharge accumulated in each successive photosite
during the time that the portion of the optical image moves
over the photosite contributes to the respective pixel in the
captured 1mage. In this manner, the TDI sensor increases the
photocharge accumulation time for each pixel of the cap-
tured 1mage. A typical TDI sensor includes many column-
wise photosites arranged in parallel.

A TDI charge-coupled device (CCD) sensor 100 1s shown
in FIG. 1. The TDI sensor 100 includes multiple integrating
CCDs (ICCDs) 102, a readout CCD (RCCD) 104, and a
charge-measurement and amplifier circuit 106. (In some
descriptions, the ICCDs are called vertical CCDs and the
RCCD 1s called a horizontal CCD.) As an optical image
sweeps vertically downward across the ICCDs 102, the
charge-shifting mechanism of the ICCDs 1s employed to
move packets of charge downward simultaneously with the
movement of the optical image. As a packet of charge moves
from the top of an ICCD 102 to the RCCD 104, 1t travels
through multiple photosites and accumulates additional pho-
tocharge along the way. When a line of charge packets
reaches the RCCD 104, the charge packets are shifted
laterally 1n the RCCD (1n the 1llustrated embodiment) to be
individually read out of the sensor 100 by the charge-
measurement and amplifier circuit 106. The time required
for a charge packet to travel from the top of an ICCD 102
until 1t enters the RCCD 104 for readout i1s the exposure
time, or tegration time, for a given pixel of the captured
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image. Compared to a conventional linear-array image sen-
sor, a TDI mmage sensor typically enables significantly
increased integration time.

FIG. 2 further illustrates the operation of a TDI image
sensor. Light from scene element 202 1s collected by optical
system 204 1n order to produce an optical image 206 on the
tace of the TDI image sensor. Scene element 202 moves
vertically upward with respect to optical system 204 and the
TDI image sensor. This causes corresponding optical image
206 to move vertically downward across the surface of the
TDI mmage sensor. Simultaneously with the downward
motion of the optical image 206, the ICCDs of the TDI
image sensor are clocked downward toward the RCCD of
the TDI image sensor. As each line of accumulated packets
of photocharge from the ICCDs 1s clocked vertically into the
RCCD and then horizontally out through the TDI image
sensor’s charge-measurement and amplifier circuit, a line of
pixels of the captured 1mage 1s produced.

If a scene to be captured 1s sufliciently bright, allowing
photocharge to accumulate over the length of the ICCD may
cause the accumulated photocharge to exceed the charge
capacity of the ICCD for the brightest areas of the scene. To
avoid this, one of the horizontal clock lines for the ICCDs
may be held 1n a state to prevent charge packets from above
the clock line from continuing below the clock line. For
example, horizontal clock line 108 (see FIG. 1) may be used
to block charge from the upper %16 of the ICCDs 102,
cllectively reducing the integration time to 1s of the poten-
tial full integration time. In similar fashion, horizontal clock
line 110 reduces integration time to 8 of the full integration
time, horizontal clock line 112 reduces integration time to %4
of the full mtegration time, and horizontal clock line 114
reduces integration time to %2 of the full integration time.

By way of example of the type of image sensor shown in
FIG. 1, a TDI image sensor 1s described i “A High Speed.,
Dual Output Channel, Stage Selectable, TDI CCD Image
Sensor for High Resolution Applications” (Agwani, et al,
Proc. SPIE, Vol. 2415, Page 124 (1993)). The device
described has 2048 ICCDs, each ICCD consisting of 96
CCD integrating stages, and with the number of integrating

stages selectable among 96, 48, 24, 12, and 6 stages. The
RCCD 1s split mto two CCDs, with one CCD for even-

numbered ICCDs and the other for odd-numbered ICCDs,
and with separate charge measurement and amplifier circuits
associated with each of the two readout CCDs. The sensor
provides captured image pixel lines at up to 14,000 lines per
second, and provides a dynamic range of 6000:1.

Although TDI CCD immage sensors generally have very
high sensitivity due to the long integration times provided by
the ICCDs and also have flexibility 1n integration time by
selecting the number of stages of integration employed,
there remains a need for greater dynamic range. For
example, when capturing images of the Earth’s surface, a
natural body of water or water standing on the roof of a
building may reflect sunlight, while nearby scene elements
may be dark or in shadow. In such a situation, the range of
light level between the reflected sunlight and the dark areas
of the scene may far exceed the 6000:1 dynamic range of a
typical CCD TDI 1mage sensor such as the one described
above.

One proposed technique for increasing dynamic range in
a TDI CCD 1s described 1n “An Adaptive Sensitivity™ TDI
CCD Sensor” (Chen and Ginosar, Proc. SPIE, Vol. 2950, 45
(1996)). In this sensor, each ICCD 1s composed of 13 TDI
stages, a conditional reset circuit, 4 more TDI stages,
another conditional reset circuit, and a final TDI stage before
reaching the RCCD. The conditional reset circuits include a
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charge-measurement amplifier that controls a discharge
gate: as each charge packet 1s clocked through the CCD

stage associated with the conditional reset circuit, the
amount ol charge 1s measured. I the measured charge
exceeds a threshold, the discharge gate 1s operated to remove
the charge from the CCD. In this fashion, the dynamic range
of the image sensor 1s increased: dark areas of the scene do
not cause either of the conditional reset circuits 1n an ICCD
to trigger, thereby getting the benefit of the full 13+4+1=18
TDI stages; middle brightness areas of the scene cause the
first conditional reset circuit to trigger, but not the second,
allowing the use of 4+1=5 TDI stages; and the brightest
areas of the scene cause both conditional reset circuits to
trigger, thereby using only a single TDI stage to capture
those areas of the scene. Eflectively this increases the
dynamic range of the sensor by a factor of 18, 1.e., the
difference between 18 TDI stages used for dark areas of the
scene and 1 TDI stage used for bright areas of the scene.

However, there are several shortcomings with this
approach. First, the conditional reset circuit consumes a
significant amount of area, as 1t includes multiple transistors.
Second, a contact must be placed 1n the CCD stage associ-
ated with the conditional reset circuit to permit the mea-
surement of charge, and the contact has the potential for
producing dark current or otherwise aflecting the charge
packet as 1t passes through the aflected CCD stage. Addi-
tionally, there 1s no mechanism for determimng from the
output whether a particular pixel integrated over the full 18
stages, was reset once and integrated over only 4 stages, or
was reset twice and integrated over only a single stage.
Theretfore, there remains a need to increase the dynamic
range of a TDI CCD mmage sensor while addressing these
shortcomings.

SUMMARY

Embodiments of the present invention increase the
dynamic range of TDI CCD mmage sensors by selectively
controlling the projection of light onto the image sensor
and/or selectively resetting one or more stages of one of
more of the ICCDs of the image sensor while and/or prior to
a scene being imaged by the TDI image sensor. In preferred
embodiments the stages are substantially identical to each
other and are all independently resettable, in contrast to
more complex conventional designs utilizing only a few
specialized resettable stages. The dynamic-range control of
the 1mage sensor may be based on previously captured
images, which may be captured either by the image sensor
itsell or another 1image sensor (termed a “leading sensor™)
that 1s configured to capture light from a scene immediately
prior to the scene being imaged by the TDI 1image sensor.
(This prior-captured light may be termed a “leading image,”
which as used herein refers to at least a portion of a scene
to be 1imaged by the TDI image sensor and which may be at
a different resolution than the scene as later captured by the
TDI image sensor.) For example, bright areas may be
identified prior to 1maging, and stages of the 1image sensor
corresponding to such areas may be selectively reset to
prevent “charge blooming” into neighboring ICCDs during
image capture. Alternatively or in combination, the amount
of light from the scene reaching stages of the 1image sensor
corresponding to the bright areas may be decreased via use
of, e.g., an optical mask, thereby substantially preventing the
generation ol excessive photocharge 1n those stages. Each of
the ICCDs may incorporate a sense node for measurement of
charge within the ICCD channel and/or selective reset of
stages of the ICCDs via direction of photocharge into the
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sense node. Alternatively or in combination, all of the ICCD
stages may be configured for individual reset via application
of a bias to the stage control line (each of which preferably
controls a particular stage common across all of the ICCDs)
and to a gate associated with each ICCD. As used herein, a
“scene” does not connote any particular content, and may
be, €.g., a pictonial scene, a graphical scene (e.g., a document
or other text), a medical image, etc.

In an aspect, embodiments of the invention feature an
imaging system that includes a time-delay-and-integrate
(TDI) image sensor including or consisting essentially of (1)
a plurality of mtegrating CCDs (ICCDs), arranged 1n par-
allel, that accumulate photocharge in response to exposure to
light, (1) electrically coupled to the plurality of ICCDs, a
readout CCD (RCCD) for receiving photocharge from the
plurality of ICCDs, and (i11) electrically coupled to the
RCCD, readout circuitry for converting charge received
from the RCCD into voltage. An optical system receives
light from a scene to be mmaged and projects 1t on the
plurality of ICCDs. A leading sensor receives the light
projected from the optical system prior to projection thereof
on the plurality of ICCDs, thereby capturing a leading image
of the scene. A control system controls operation of the TDI
image sensor based at least 1n part on at least a portion of the
leading 1mage.

Embodiments of the invention may feature one or more of
the following in any of a variety ol combinations. The
optical system may be configured to sweep the light from the
scene across the leading sensor and the TDI image sensor
continuously and sequentially. The leading sensor may be
configured to collect color information related to the scene.
The TDI image sensor may not be configured to collect color
information related to the scene or may be configured to
collect monochrome intensity levels (e.g., only monochrome
intensity levels) related to the scene. The leading sensor and
the TDI image sensor may be disposed on a substrate. The
dynamic range of the leading sensor may be less than the
dynamic range of the TDI image sensor. The control system
may alter the integration time of at least one of the ICCDs
based on the brightness level of at least a portion of the
leading 1image. The TDI image sensor may include an optical
mask disposed between the optical system and the plurality
of ICCDs. The optical mask may include or consist essen-
tially of an array of masking elements, and the control
system may control the masking elements to mask portions
of the ICCDs whereby light collection at such portions 1s
attenuated. The optical mask may 1nclude or consist essen-
tially of an array of retlective elements, and the control
system may control the retlective elements to selectively
reflect portions of the light from the optical system onto the
plurality of ICCDs.

Each ICCD may include or consist essentially of (1) a
plurality of independently controllable stages, (i1) a photo-
sensitive channel for containing photocharge, (111) a drain for
removing photocharge from the channel, and (1v) a gate for
controlling flow of photocharge from the channel to the
drain. A plurality of clock lines may be disposed substan-
tially perpendicular to the ICCDs. Each clock line may
control a particular stage common to all of the ICCDs. The
control system may be configured to reset a selected stage of
a selected ICCD by (1) applying a bias to the clock line
corresponding to the selected stage and (11) applying a bias
to the gate corresponding to the selected ICCD.

Each ICCD may include or consist essentially of (1) a
plurality of independently controllable stages, (i1) a photo-
sensitive channel for containing photocharge, (111) a sense
node for measuring photocharge receirved thereby from the
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channel, and (1v) a gate for controlling flow of photocharge
from the channel to the sense node. The control system may
be configured to (1) measure photocharge received by the
sense node from the channel and (11) reset the sense node by
applying a bias thereto to remove photocharge therefrom.
The control system may be configured to reset a selected
stage of the ICCD by applying a bias to the gate to thereby
allow photocharge to flow from the channel into the sense
node.

In another aspect, embodiments of the invention feature a
method of 1mage capture utilizing a time-delay-and-inte-
grate (TDI) image sensor that includes or consists essentially
of (1) a plurality of integrating CCDs (ICCDs), arranged 1n
parallel, that accumulate photocharge 1n response to expo-
sure to light, (1) electrically coupled to the plurality of
ICCDs, a readout CCD (RCCD) for receiving photocharge
from the plurality of ICCDs, and (i11) electrically coupled to
the RCCD, readout circuitry for converting charge recerved
from the RCCD 1nto voltage. Light received from a scene to
be 1maged 1s projected onto a leading sensor, the leading
sensor capturing a leading image of the scene. Thereatter,
light from the scene 1s projected onto the plurality of ICCDs
to capture a scene 1mage. During capture of the scene image,
operation of the TDI sensor i1s controlled based at least 1n
part on at least a portion of the leading 1mage.

Embodiments of the invention may feature one or more of
the following in any of a variety ol combinations. The
projection of light onto the leading sensor and onto the
plurality of ICCDs may be performed continuously an
sequentially. The leading image may include color informa-
tion. The scene 1mage may be substantially free of color
information. Controlling operation of the TDI sensor may
include or consist essentially of altering an integration time
of at least one of the ICCDs based on the brightness level of
at least a portion of the leading image. Controlling operation
of the TDI sensor may include or consist essentially of
masking portions of the ICCDs whereby light collection at
such portions 1s attenuated. Controlling operation of the TDI
sensor may include or consist essentially of resetting a
selected stage of a selected ICCD. Resetting the selected
stage may include or consist essentially of transierring
photocharge therewithin into a drain associated with the
selected ICCD. Resetting the selected stage may include or
consist essentially of transferring photocharge therewithin
into a sense node associated with the selected ICCD. The
leading 1mage may be compared with the scene 1image to
detect motion 1n the scene.

In yet another aspect, embodiments of the invention
feature an 1maging system including or consisting essen-
tially of a time-delay-and-integrate (TDI) image sensor, an
optical system for recerving light from a scene to be 1maged.,
and an optical mask. The TDI image sensor includes or
consists essentially of (1) a plurality of integrating CCDs
(ICCDs), arranged 1n parallel, that accumulate photocharge
in response to exposure to light, (11) electrically coupled to
the plurality of ICCDs, a readout CCD (RCCD) for receiv-
ing photocharge from the plurality of ICCDs, and (111)
clectrically coupled to the RCCD, readout circuitry for
converting charge received from the RCCD into voltage.
The optical system projects light from the scene to be
imaged on the plurality of ICCDs. The optical mask 1is
disposed between the optical system and the plurality of
ICCDs and selectively alters the intensity of light projected
to at least portions of the ICCDs.

Embodiments of the invention may feature one or more of
the following 1n any of a variety of combinations. The
optical mask may include or consist essentially of an array




US 9,503,606 B2

7

of independently controllable masking elements each for
attenuating light collection by a different portion of the
ICCDs. The optical mask may include or consist essentially
of an array of independently controllable reflective elements
cach for selectively reflecting a portion of the light from the
optical system onto the ICCDs. A control system may
control the optical mask based at least in part on light from
the scene to be 1maged before such light 1s projected by the
optical system.

In a further aspect, embodiments of the invention feature
a method of image capture utilizing a time-delay-and-
integrate (TDI) image sensor comprising (1) a plurality of
integrating CCDs (ICCDs), arranged 1n parallel, that accu-
mulate photocharge 1n response to exposure to light, (11)
clectrically coupled to the plurality of ICCDs, a readout
CCD (RCCD) for receiving photocharge from the plurality
of ICCDs, and (i) electrically coupled to the RCCD,
readout circuitry for converting charge recerved from the
RCCD 1nto voltage. Light received from a scene to be
imaged 1s projected onto the plurality of ICCDs to capture
an 1mage of the scene. During capture of the image, the
intensity of light projected to at least portions of the ICCDs
1s selectively altered.

Embodiments of the invention may feature one or more of
the following in any of a variety of combinations. The
intensity of light projected to at least portions of the ICCDs
may be altered with an optical mask disposed between the
scene and the ICCDs. The optical mask may include or
consist essentially of an array of masking elements each
independently controllable to mask a portion of the ICCDs
whereby light collection 1n the masked portion 1s attenuated.
The optical mask may 1nclude or consist essentially of an
array of retlective elements each independently controllable
to retlect a portion of the projected light onto the ICCDs. The
selective alteration of the intensity of light projected to at
least portions of the ICCDs during capture of the image may
be based at least in part on a previously captured image.

In another aspect, embodiments of the invention feature
an 1maging system including or consisting essentially of a
time-delay-and-integrate (TDI) image sensor and an optical
system for receiving light from a scene to be 1imaged. The
TDI 1mage sensor includes or consists essentially of (1) a
plurality of integrating CCDs (1CCDs), arranged 1n parallel,
that accumulate photocharge 1n response to exposure to
light, (11) electrically coupled to the plurality of ICCDs, a
readout CCD (RCCD) for receiving photocharge from the
plurality of ICCDs, and (i11) electrically coupled to the
RCCD, readout circuitry for converting charge received
from the RCCD nto voltage. The optical system projects
light from the scene to be imaged on the plurality of ICCDs.
Each ICCD includes or consists essentially of (1) a plurality
of independently controllable stages, (1) a photosensitive
channel for containing photocharge, (i11) a drain for remov-
ing photocharge from the channel, and (1v) a gate for
controlling flow of photocharge from the channel to the
drain.

Embodiments of the invention may feature one or more of
the following 1n any of a variety of combinations. A plurality
of clock lines may be disposed substantially perpendicular to
the ICCDs. Each clock line may control a particular stage
common to all of the ICCDs. A control system may be
configured to reset a selected stage of a selected ICCD by (1)
applying a bias to the clock line corresponding to the
selected stage and (1) applying a bias to the gate corre-
sponding to the selected ICCD. The control system may be
configured to reset the selected stage based at least 1n part on
a previously captured image (1.e., an 1image captured by the
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imaging system prior to the light from the scene to be
imaged being projected by the optical system).

In yet another aspect, embodiments of the invention
feature a method of 1mage capture utilizing a time-delay-
and-integrate (TDI) image sensor comprising (1) a plurality
of mtegrating CCDs (ICCDs), arranged 1n parallel and each
comprising a plurality of stages, that accumulate pho-
tocharge 1n response to exposure to light, (1) electrically
coupled to the plurality of ICCDs, a readout CCD (RCCD)
for receiving photocharge from the plurality of ICCDs, and
(111) electrically coupled to the RCCD, readout circuitry for
converting charge received from the RCCD into voltage.
Each stage of each ICCD 1s independently resettable. Light
received from a scene to be imaged 1s projected onto the
plurality of ICCDs to capture an 1mage of the scene. During
capture of the image, a selected stage of a selected ICCD 1s
reset to remove photocharge from the selected stage. Reset-
ting the selected stage may include or consist essentially of
transierring photocharge therewithin into a drain associated
with the selected ICCD.

In an additional aspect, embodiments of the invention
feature an 1maging system including or consisting essen-
tially of a time-delay-and-integrate (TDI) image sensor and
an optical system for recerving light from a scene to be
imaged. The TDI image sensor includes or consists essen-
tially of (1) a plurality of integrating CCDs (ICCDs),
arranged 1n parallel, that accumulate photocharge 1n
response to exposure to light, (11) electrically coupled to the
plurality of ICCDs, a readout CCD (RCCD) for receiving
photocharge from the plurality of ICCDs, and (111) electri-
cally coupled to the RCCD, readout circuitry for converting
charge received from the RCCD into voltage. The optical
system projects light from the scene to be 1maged on the
plurality of ICCDs. Each ICCD includes or consists essen-
tially of (1) a plurality of independently controllable stages,
(11) a photosensitive channel for containing photocharge,
(111) a sense node for measuring photocharge received
thereby from the channel, and (1v) a gate for controlling flow
of photocharge from the channel to the sense node.

Embodiments of the invention may feature one or more of
the following 1n any of a variety of combinations. A plurality
of clock lines may be disposed substantially perpendicular to
the ICCDs. Each clock line may control a particular stage
common to all of the ICCDs. A control system may be
configured to (1) measure photocharge received by the sense
node from the channel and (11) reset the sense node by
applying a bias thereto to remove photocharge therefrom. A
control system may be configured to reset a selected stage of
the ICCD by applying a bias to the gate to thereby allow
photocharge to flow from the channel 1into the sense node.
The control system may be configured to reset the selected
stage based at least 1n part on a previously captured image
(1.e., an 1mage captured by the imaging system prior to the
light from the scene to be 1maged being projected by the
optical system).

In yet an additional aspect, embodiments of the invention
feature a method of 1mage capture utilizing a time-delay-
and-integrate (1DI) image sensor comprising (1) a plurality
of imtegrating CCDs (ICCDs), arranged in parallel, that
accumulate photocharge 1n response to exposure to light, (11)
clectrically coupled to the plurality of ICCDs, a readout
CCD (RCCD) for receiving photocharge from the plurality
of ICCDs, and (i) electrically coupled to the RCCD,
readout circuitry for converting charge received from the
RCCD 1nto voltage. Each ICCD includes or consists essen-
tially of (1) a plurality of independently controllable stages,
(11) a photosensitive channel for containing photocharge,
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(111) a sense node for measuring photocharge received
thereby from the channel, and (1v) a gate for controlling flow

ol photocharge from the channel to the sense node. Light
received from a scene to be imaged 1s projected onto the
plurality of ICCDs. During light projection, (1) photocharge
received by the sense node from the channel 1s measured and
(11) the sense node 1s reset by applying a bias thereto to
remove photocharge therefrom, and/or during light projec-
tion, a selected stage of the ICCD 1s reset by applying a bias
to the gate to thereby allow photocharge to flow from the
channel into the sense node.

These and other objects, along with advantages and
features of the present imvention herein disclosed, will
become more apparent through reference to the following
description, the accompanying drawings, and the claims.
Furthermore, 1t 1s to be understood that the features of the
vartous embodiments described herein are not mutually
exclusive and may exist in various combinations and per-
mutations. As used herein, the terms “approximately” and
“substantially” mean £10%, and in some embodiments,
+5%. The term “consists essentially of” means excluding
other materials that contribute to function, unless otherwise
defined herein.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like reference characters generally refer
to the same parts throughout the diflerent views. Also, the
drawings are not necessarily to scale, emphasis instead
generally being placed upon 1llustrating the principles of the
invention. In the following description, various embodi-
ments of the present invention are described with reference
to the following drawings, 1n which:

FIG. 1 illustrates a conventional TDI CCD 1mage sensor;

FI1G. 2 1llustrates an exemplary operation mode of a TDI
CCD 1mage sensor;

FIG. 3A 1s a block diagram of an image-capture device
utilizing an 1mage sensor 1n accordance with various
embodiments of the invention;

FIG. 3B 1s a block diagram of portions of an image sensor
in accordance with various embodiments of the invention;

FIG. 4 1s a schematic plan view of portions of two ICCDs
of a TDI CCD 1n accordance with various embodiments of
the invention;

FI1G. 5 1s a schematic cross-section of a vertical portion of
the ICCDs of FIG. 4 showing ICCD clock lines and asso-
ciated potential diagrams i1n accordance with various
embodiments of the invention;

FI1G. 6 1s a schematic cross-section of a horizontal portion
of the ICCDs of FIG. 4 showing two ICCD integrating
channels with associated structures 1n accordance with vari-
ous embodiments of the invention;

FI1G. 7 1s a potential diagram for an unselected row of the
ICCD stages of FIG. 6 1n accordance with various embodi-
ments of the invention;

FIG. 8 1s a potential diagram for a selected row of the
ICCD stages of FIG. 6 1n accordance with various embodi-
ments of the invention;

FIG. 9 expands the potential diagrams of FIG. 5 to depict
four-phase clocking for multiple ICCD stages 1n accordance
with various embodiments of the invention;

FI1G. 10 expands the potential diagrams of FIG. 3 to depict
tour-phase clocking for multiple ICCD stages including two
different rows selected for reset 1n accordance with various
embodiments of the invention;

FIG. 11 expands the potential diagrams of FIG. 10 to
depict four-phase clocking for multiple ICCD stages includ-
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ing four different rows selected for reset in accordance with
various embodiments of the invention;

FIG. 12 1s a potential diagram for an unselected row of the
ICCD stages of FIG. 6 1n accordance with various embodi-
ments of the invention:

FIG. 13 1s a potential diagram for an unselected row of the
ICCD stages of FIG. 6 1n accordance with various embodi-
ments of the invention:

FIG. 14 1s a modification of the potential diagrams of FIG.
11 depicting four-phase clocking for multiple ICCD stages
including two different rows selected for reset 1n accordance
with various embodiments of the invention;

FIG. 15 1s a potential diagram for individual gates of
ICCD stages 1n accordance with various embodiments of the
invention;

FIG. 16 1s a schematic plan view of a portion of an ICCD
of a TDI CCD 1 accordance with various embodiments of
the 1nvention;

FIG. 17 1s a schematic cross section of a horizontal
portion of the ICCD of FIG. 16 depicting an ICCD 1nte-
grating channel with associated structures in accordance
with various embodiments of the invention;

FIG. 18 1s a potential diagram for an unselected gate of the
ICCD of FIG. 17 1n accordance with various embodiments
of the invention;

FIG. 19 15 a potential diagram depicting charge spillover
for an unselected gate of the ICCD of FIG. 17 1n accordance
with various embodiments of the invention;

FIG. 20 15 a potential diagram depicting charge discharge
for a selected gate of the ICCD of FIG. 17 i accordance
with various embodiments of the invention;

FIG. 21 1s a potential diagram depicting an unselected
gate and no charge 1n an ICCD integrating channel of the
ICCD of FIG. 17 1n accordance with various embodiments
of the invention;

FIG. 22 1s a circuit diagram of a spillover charge-mea-
surement circuit 1n accordance with various embodiments of
the invention;

FIG. 23 1s a schematic cross-section of a system 1n which
a travelling optical mask 1s 1n virtual contact with a sensor
in accordance with various embodiments of the invention;

FIG. 24 1s a schematic cross-section of a system 1n which
an 1mage passing through a travelling optical mask 1s
relayed to a sensor in accordance with various embodiments
of the invention;

FIG. 25 1s a schematic cross-section of a system 1n which
an 1mage reflected from a travelling optical mask 1s relayed
to a sensor 1n accordance with various embodiments of the
invention; and

FIG. 26 illustrates an exemplary operation mode of a TDI
sensor with a leading sensor in accordance with various
embodiments of the imnvention.

DETAILED DESCRIPTION

FIG. 3A 1s a block diagram of an exemplary image-
capture device 300 that includes an electronic 1mage sensor
304 1n accordance with various embodiments of the 1nven-
tion. In FIG. 3A, mncoming light 302 from a scene to be
captured 1s focused on 1image sensor 304 by optical system
204. Image sensor 304 provides an analog electronic signal
that 1s representative of the optical image focused on the
image sensor. This analog signal 1s processed by an analog
signal processor 306. The analog signal processor 306
typically performs one or more of the functions of signal
sampling, reference/signal correlation, gain, black-level
adjustment, and other analog processing. The output of the



US 9,503,606 B2

11

analog signal processor 306 1s converted to digital output
310 by analog-to-digital (A/D) converter 308. A timing
generator synchronizes the operation of the 1mage sensor
304, the analog signal processor 306, and the A/D converter
308. Two or more clements of 1mage-capture device 300
may be combined 1nto a single device: for example, the
analog signal processor 304, the A/D converter 308, and the
timing generator 312 may be combined 1nto a single inte-
grated circuit. Conversely, an element of i1mage-capture
device 300 may be composed of multiple devices: for
example, the timing generator 312 may be composed of an
integrated circuit that provides logic-level timing signals and
other integrated circuits and/or support circuitry that convert
some of the logic-level timing signals 1nto signals appropri-
ate for driving the image sensor. The image sensor 304 may
be an areal-array sensor, a linear-array sensor, a TDI sensor,
or other electronic 1mage sensor. The i1mage sensor 304
typically employs CCD technology, active pixel sensor (1.¢.,
CMOS mmage sensor) technology, or other image-sensor

technology.
Referring back to FIG. 1, the TDI CCD 1mage sensor 100

includes multiple ICCDs 102, RCCD 104, and charge-
measurement and amplifier circuit 106. In general, embodi-
ments of the present invention employ similar structures.
However, various embodiments of the present invention
provide improvements to the structure and operation of the
ICCDs 102.

The ICCD 102 1s considered to be a charge-coupled
device because it enables packets of charge to be maintained
separately from each other and also enables the packets of
charge to be shifted along the length of the ICCD. The ICCD
102 1s also considered to be an integrating device because
photon-induced charge (photocharge) increases the amount
of charge in a charge packet during the period of time the
charge packet remains 1 the ICCD. By collecting pho-
tocharge into packets of charge during the time the packets
are shifted along 1ts length, the ICCD 102 permits signifi-
cantly increased integration time and consequently signifi-
cantly increased sensitivity.

FIG. 3B schematically depicts image sensor 304 linked to
a controller (or “control system”) 314 that controls various
operations of image sensor 304, including 1image capture and
read out (and other functionality described below), as well
as various operations of other components of 1mage-capture
systems described herein. The controller 314 (which 1n
various embodiments of the invention includes or performs
the functionalities of the analog signal processor 306, the
A/D converter 308, and the timing generator 312) may be a
general-purpose microprocessor, but depending on imple-
mentation may alternatively be a microcontroller, peripheral
integrated circuit element, a customer-specific integrated
circuit (CSIC), an application-specific integrated circuit
(ASIC), a logic circuit, a digital signal processor, a pro-
grammable logic device such as a field-programmable gate
array (FPGA), a programmable logic device (PLD), a pro-
grammable logic array (PLA), an RFID processor, smart
chip, or any other device or arrangement of devices that 1s
capable of implementing the steps of the processes of the
invention (such as those described 1in detail below). The
controller 314 may be monolithically integrated with, and
thus a portion of the same integrated-circuit chip as, image
sensor 304, or controller 314 may be disposed on a chip
separate and discrete from the chip containing 1mage sensor
304 (and interconnected thereto by wired or wireless
means). Moreover, at least some of the functions of con-
troller 314 may be implemented 1n software and/or as mixed
hardware-software modules. Software programs implement-
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ing the functionality herein described may be written 1n any
of a number of high level languages such as FORTRAN,

PASCAL, JAVA, C, C++, C#, BASIC, various scripting
languages, and/or HI'ML. Additionally, the software may be
implemented 1n an assembly language directed to a micro-
processor resident 1 controller 314. The software may be
embodied on an article of manufacture including, but not
limited to, a floppy disk, a jump drive, a hard disk, an optical
disk, a magnetic tape, a PROM, an EPROM, EEPROM,
field-programmable gate array, CDROM, or DVDROM.
Embodiments using hardware-soitware modules may be
implemented using, for example, one or more FPGA, CPLD,
or ASIC processors.

A plan view of portions of two adjacent ICCDs 400 of a
TDI CCD 1n an embodiment of the present invention 1s
shown 1n FIG. 4. FIG. 5 includes a cross-section of a vertical
portion of one of the ICCDs 400, as shown by the cut line
5-5 1n FIG. 4. FIG. 6 15 a cross-section that cuts horizontally
through both of the ICCDs 400, as shown by cut line 6-6 in
FIG. 4.

The schematic cross-section at the top of FIG. 5 depicts
one stage ol an ICCD 400 1n accordance with an embodi-
ment of the present mvention. Four ICCD clock lines are
shown: ICCD clock line 1 (502), ICCD clock line 2 (504),
ICCD clock lmme 3 (506), and ICCD clock line 4 (508).
Voltages are applied sequentially to these ICCD clock lines
in order to produce potential gradients in the underlying
semiconductor, during which packets of charge are kept
separate and are moved along the length of the ICCD 400.
The four clock lines 502, 504, 506, 508 are operated 1n four
phases to hold and move charge 1n a manner well understood
by those skilled in the art of CCD design and operation. In
FIG. 5 the potential diagrams ®1, ®2, ®3, and ®4 1llustrate
the potentials developed under each of the four ICCD clock
lines for each of the four phases used 1n normal operation of
ICCD 400. In potential diagram ®1, a charge packet 510 1s
held under ICCD clock line 1 (502) and ICCD clock line 2
(504), and the charge packet 1s separated from other charge
packets by ICCD clock line 3 (506) and ICCD clock line 4
(508). This arrangement of ICCD clock lines and potentials
1s repeated over the length of the ICCD 400 so that, for
example, the ICCD clock line immediately to the left of
ICCD clock line 1 1s electrically connected to and driven to
the same voltage as ICCD clock line 4, thereby acting to
contain the charge packet 510 on 1ts left side. (Note that the
charge packet 510 1n a typical CCD 1s composed of elec-
trons, so a more positive voltage potential produces an area
for electrons to collect. The potential diagrams of FIG. 5 and
other figures are drawn to show electron charge being
collected 1n low areas 1n order to facilitate an understanding
of the CCD operation by analogy to fluids.) Thus, 1n
potential diagram ®1, ICCD clock lines 1 (502) and 2 (504 )
produce a storage region for holding a charge packet, and
ICCD clock lines 3 (506) and 4 (508) produce a barrier
region for separating charge packets. In potential diagram
®d2, the charge packet 1s moved to the right (or vertically
downward with respect to FIG. 4) by changing the voltages
on ICCD clock lines 1 (502) and 3 (506). Similarly, potential
diagrams ®3 and ®4 move the charge packet two more
clock lines to the right. By then returming to the potential
diagram ®1, a new charge packet 1s held in the storage
region produced by ICCD clock lines 1 (502) and 2 (504).
Herein, potential diagrams ®1 through ®4 are referred to
alternatively as phase ®1 through ®4.

The four ICCD clock lines 502, 504, 506, 508 together
constitute one stage of an ICCD 400. The arrangement 1n
FIG. 5 1s repeated to produce a complete ICCD 400 that has,
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for example, 32, 48, 64, or 96 stages. As a charge packet 1s
clocked along the ICCD 400 1n the manner described above,
photocharge 1s collected 1n the storage regions at a rate that
depends on the amount of light incident on the sensor due to
the moving optical image formed on the sensor. A charge
packet moving along the ICCD 400 and accumulating
photocharge along the way 1s an “integrating pixel;” when
an 1ntegrating pixel 1s read out from the ICCD 400 1t
becomes a pixel of the capture image.

FIG. 5 includes a potential diagram ®2' that 1s an alter-
native to potential diagram ®2. In potential diagram ®2', the
voltages applied to the ICCD clock lines 502, 504, 506, 508
are adjusted to shift the barrier and storage regions of the
corresponding ICCD stage with respect to adjacent stages.
This shifting 1s shown by the arrows in potential diagram
®2'. In an embodiment of the invention, the shifting occurs
in common for the corresponding stage 1n all the ICCDs 400
of the TDI image sensor: 1n reference to FIG. 1, this defines
a horizontal row of ICCD stages, one stage from each ICCD
102 1n FIG. 1. By shifting the potential for a row of ICCD
stages 1n this way, the corresponding row of integrating
pixels 1s selected for possible reset as described below. This
shifting of the potential of a row of ICCD stages 1s referred
to herein as “selecting” a row of ICCD stages or defining a
“selected row.”

The cross-section in FIG. 6 cuts along one ICCD clock
line 602 and across two ICCDs 400 constructed in accor-
dance with an embodiment of the invention. Specifically, the
cross-section 1n FIG. 6 cuts along ICCD clock line 2 (504 1n
FIG. 5). Channel stop implants 604 1 FIG. 6 produce
potential barriers to separate each ICCD 400 from adjacent
ICCDs 400. Drain implants 606 produce potential regions
that permit removal of charge from the adjacent ICCD 400.
Gates 608 produce potential regions that provide a barrier
between an ICCD 400 and 1ts corresponding drain implant
606; the gates 608 are individually externally controllable to
climinate the barrier between an ICCD 400 and its corre-
sponding drain implant 606, thereby allowing charge to tlow
from the ICCD 400 1nto the drain implant 606 under certain
conditions.

FIG. 7 1s a potential diagram associated with FIG. 6 for an
unselected row of an ICCD 1n accordance with an embodi-
ment of the invention. In FIG. 7, the ICCD clock lines are
driven to produce the potentials associated with potential
diagram P2 1 FIG. 5. As shown, the gate 608 associated
with the left ICCD (left 608 1n FIG. 6) remains 1n a state that
produces a barrier between the left ICCD and its correspond-
ing drain 606 (left 606 1n FIG. 6), thereby preventing the
charge packet 702 within the integrating pixel thus defined
from flowing into the drain 606. The gate 608 associated
with the right ICCD (right 608 in FIG. 6) 1s driven so that
the barrier between the right ICCD and 1ts corresponding,
drain 606 (right 606 in FIG. 6) 1s reduced; however, the
barrier 1s still sutlicient to prevent the charge packet 704
within that integrating pixel from flowing into the drain 606.
Thus, the potential diagram ®2 in FIG. 5 prevents an
integrating pixel from being reset (the charge packet being
drained away) regardless of the states of the gates associated
with the ICCDs. Hence, potential diagram P2 in FIG. 5
represents an unselected row of ICCD stages that may
prevent integrating pixels from being reset regardless of
whether an ICCD 1s selected (e.g., the right ICCD 1n FIG. 7)
or unselected (e.g., the left ICCD i FIG. 7).

FIG. 8 1s a potential diagram associated with FIG. 6 for a
selected ICCD row in accordance with an embodiment of
the invention. In FIG. 8, the ICCD clock lines are thus driven
to produce the potentials associated with potential diagram
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®2' 1n FIG. 5. In FIG. 8, even though the potential of the
storage region has been shifted, the barrier produced by the
gate 608 associated with the left ICCD (left 608 1n FIG. 6)
1s suflicient to prevent the charge packet 802 from flowing
into the drain 606. The charge packet 802 1s effectively held
by a storage region defined by the potentials associated with
ICCD clock lines 1 and 4 (502 and 508 1n FIG. 5), the gate
608 associated with the left ICCD (left 608 1n FIG. 6), and
the channel stop implant 604 associated with the leit ICCD
(leftmost 604 1n FIG. 6). However, since the potential of the
storage region has been shifted, the reduced barrier produced
by the gate 608 associated with the right ICCD (right 608 in
FIG. 6) 1s now lower than the floor of the storage region 1n
the right ICCD, thereby allowing the charge packet 804 to
flow ito the corresponding drain 606. Thus, as shown, the
concurrent selection of a row of ICCD stages along with a
selected ICCD will cause the integrating pixel from the
corresponding storage region to be reset (1.e., the charge
packet confined therein to tlow to the drain). This effectively
reduces the available integration time for the integrating
pixel, after being reset, to be the time spent in the remaining,
ICCD stages between where the integrating pixel reset
occurred and the end of the ICCD.

In the embodiment described above, any integrating pixel
may be reset at any point as it 1s clocked along 1ts corre-
sponding ICCD by selection of the appropriate ICCD clock
lines (thereby selecting a row of ICCD stages) and ICCD
gate (thereby selecting a particular ICCD). The selective
reset of integrating pixels provided by this arrangement
enables integrating pixels associated with bright regions of
the scene to be reset at a point close to the end of the ICCD,
thereby permitting them to have a short effective integration
time. In a stmilar fashion, integrating pixels associated with
middle ranges of scene brightness are enabled to be reset in
the middle of the ICCD, permitting them to have a medium
length eflective integration time. Integrating pixels associ-
ated with dark areas of the scene may not be reset at all,
permitting them to have the maximum integration time
enabled by all stages of the ICCD. This has the effect of
significantly increasing the dynamic range of the TDI image
sensor 1n accordance with embodiments of the present
invention.

The embodiments of the invention described above pro-
vide the advantage of increased dynamic range without the
shortcomings of earlier approaches. For example, compared
to conventional charge-measurement circuitry, the drain and
gate structures associated with each ICCD are compact
structures. All of the ICCD stages are typically i1dentical 1n
the disclosed embodiment, and thus no specialized stages
incorporating charge-measurement and discharge circuitry
are required. Embodiments of the present invention also do
not require a contact to be placed in the ICCD for charge
measurement, thereby eliminating a potential source of dark
current or other undesirable effects. Finally, since the ICCD
clock lines and, 1n particular, the ICCD gates are externally
controllable, the controller that controls these elements and
thereby causes the reset of integrating pixels has knowledge
of which integrating pixels were reset and at which ICCD
stage they were reset. Consequently, 1n contrast to the output
pixels produced by conventional sensors, there 1s no ambi-
guity regarding the output pixels: since the reset conditions
for a particular integrating pixel are known, the integration
time for the corresponding output pixel 1s also known.

“Externally controllable,” as used in the foregoing dis-
cussion, means that the determination regarding which 1nte-
grating pixels to reset and at which ICCD stage to reset them
occurs separately from the ICCDs and 1n such a way that the
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knowledge of which integrating pixels were reset and at
which stage they were reset 1s available for subsequent
image-processing purposes. Externally controllable 1s not
necessarily equivalent to “directly controlled,” as there may
be mtervening circuitry such as decoders, control registers,
shift registers, or the like between the controller that resets
the ntegrating pixel and the ICCD clock lines and gates.
Externally controllable means external to the array of ICCDs
and does not imply that control elements must be on a
separate integrated circuit substrate; all or a portion of the
clements of the external control may be integrated into the
same 1ntegrated circuit substrate as the ICCDs, they may be
incorporated mto an integrated circuit substrate that has been
bonded to the TDI sensor, or they may be separate.

Although the embodiment described above enables any
integrating pixel to be reset at any stage 1n the ICCD, such
flexibility 1s not necessarily required. For example, for an
ICCD having n stages, providing selective reset of integrat-
ing pixels at the (n-1) stage, the (n-2) stage, the (n—-4) stage,
and the (n-8) stage 1n an ICCD wherein n=16 permits
integrating pixels reset at those stages to have, respectively,
one stage ol integration, two stages ol integration, four
stages of integration, or eight stages of integration. Integrat-
ing pixels that are not reset at any of the sixteen stages have
sixteen stages of integration. In this example, the selective
reset of integrating pixels increases the dynamic range of the
image sensor by a factor of 16. This arrangement has the
additional benefit of restricting to four stages the different
clocking utilized to select a row of ICCD stages for possible
integrating-pixel reset. This 1s discussed 1 more detail
below.

FIG. 9 expands the potential diagrams from FIG. 5 to
depict four-phase clocking for five ICCD stages. As shown
in FIG. 9, operating the ICCD clock lines to produce the
potentials shown in potential diagrams ®1 through ®4 (and
back again to potential diagram ®1) moves a charge packet
exactly one stage to the right. Each cycle through potential
diagrams ®1 through ®4 1n FIG. 9 moves charge packets
one stage to the right. For convenience, the ICCD potential
profiles related to the potential diagrams @1 through ®©4 in
FIG. 9 and subsequent figures are also referred to as phases
®1 through ®4.

In FIG. 9, no rows of ICCD stages are seclected for
possible integrating pixel reset in any of the phases ®1
through ®4. By contrast, FIG. 10 shows the same five ICCD
stages and similar phase clocking as in FIG. 9, but phase ®2
1s modified 1n the same manner as 1 FIG. 5 1n order to select
integrating pixels one stage from the right for possible reset
and phase ®1 1s modified 1n order to select integrating pixels
approximately two stages from the right for possible reset.
For the following discussion, the rightmost stage of FIGS. 9,
10, and 11 1s assumed to be 1n communication with the
RCCD and that the integrating pixel 1s read out of the
rightmost stage into the RCCD during phase ®3. By selec-
tively operating ICCD gates coincident with phase ®2,
selected 1ntegrating pixels are reset one stage from the right
and are subsequently permitted to integrate only during the
subsequent sequence of four phases ®©3, ®4, &1, and P2
required to transport the integrating pixels through the
rightmost ICCD stage. Similarly, by selectively operating
the ICCD gates coincident with phase @1, selected integrat-
ing pixels are reset approximately two stages from the right
and are subsequently permitted to integrate only during the
subsequent nine phases required to transport the integrating
pixels through the nghtmost two ICCD stages.

Note that 1n order to permit integrating pixels two stages
from the right to be reset independently of integrating pixels

10

15

20

25

30

35

40

45

50

55

60

65

16

one stage from the right, the corresponding row of ICCD
stages are selected during diflerent stages. Consequently, as
1s seen 1n phase ®1 of FIG. 10, the aflected ICCD clock lines
are not precisely associated with the third stage from the
right but are shifted leftward to include one ICCD clock line
from the fourth stage.

The ICCD clock lines associated with the selected stage
are controlled independently from the other clock lines to
permit different voltage levels to be applied to them. In FIG.
10, ICCD clock lines 1A, 2A, 3A, and 4A for the second
stage from the right are independent (i.e., independently
controllable) from the other ICCD clock lines to permit the
second stage from the right to be selected. Similarly, ICCD
clock line 4B 1for the fourth stage from the right and clock
lines 1B, 2B, and 3B ifor the third stage from the right are
independent from the other ICCD clock lines. ICCD clock
lines 1, 2, 3, and 4 are typically connected together by wiring
at the edges of the array of ICCDs 1n a TDI CCD sensor and
are consequently controlled in common for all stages, but the
ICCD clock lines 1A, 2A, 3A, 4A, 4B, 1B, 2B, and 3B
herein are capable of being controlled immdependently of
ICCD clock lines 1, 2, 3, and 4.

In FIG. 10, phases ®1 and ®2 select two different points
in the ICCDs at which integrating pixels are permitted to be
selectively reset. Phases @3 and ®4 are similarly modified
to select yet another two different points i the ICCDs for
selectively resetting integrating pixels. FIG. 11 expands
FIG. 10 to show 11 ICCD stages and includes modifications
to phases ®3 and ®4 that permit integrating pixels to be
selectively reset at another two points 1n the ICCDs. In FIG.
11, phase ®2 permits integrating pixels to be selectively
reset one ICCD stage (four phases) before readout (at label
A); phase ®1 permits integrating pixels to be selectively
reset two and one-quarter ICCD stages (nine phases) before
readout (at label B); phase ®4 permits integrating pixels to
be selectively reset four and one-half ICCD stages (eighteen
phases) before readout (at label C); and phase ®3 permits
integrating pixels to be selectively reset eight and three-
quarters ICCD stages (thirty-five phases) before readout (at
label D). Assuming the ICCDs 1n FIG. 11 include 16 stages
in total, each integrating pixel delivered to the RCCD
integrates light over time selected from four phases, nine
phases, eighteen phases, thirty-five phases, or sixty-four
phases.

In the embodiment described above, the storage regions
produced by the ICCD clock lines, barrier implants, and
gates have a limited capacity for holding electrical charge. If
the charge capacity of a storage region 1s exceeded by an
integrating pixel’s charge packet, the excess charge may
spill 1nto adjacent ICCDs or adjacent storage regions,
thereby corrupting nearby integrating pixels. This spillover
process 1s typically called “blooming.” This 1s a particular
problem for those integrating pixels associated with the
brightest regions of the scene. For example, 11 a particular
integrating pixel 1s selected for reset one ICCD stage belore
being read out of the ICCD, this means that it requires only
one stage of integration to reach a reasonable signal level for
measurement. I there are sixteen stages in the complete
ICCD, this particular integrating pixel has probably
exceeded the charge capacity of the storage regions after
integrating for only a few stages. As 1t continues to collect
charge after that point, the integrating pixel may cause
blooming.

In order to mitigate the potential for blooming, integrating,
pixels selected for reset at a particular ICCD stage are also
reset at every earlier opportunity. Using the example from
the discussion of FIG. 11, 1f an integrating pixel 1s selected
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for reset during phase ®2 four phases belore readout, 1t 1s
also reset during phase ®1 nine phases before readout, phase
®4 eighteen phases betfore readout, and phase ®©4 thirty-five
phases before readout.

When an ICCD gate 1s operated to reset an integrating
pixel in a selected row of ICCD stages, the integrating pixels
in the unselected rows benefit from a measure of blooming
protection provided by the operation of the ICCD gate, as
shown 1n FIG. 12. FIG. 12 has the same potential profile as
FIG. 7 showing the potential profile for an unselected row
and an unselected ICCD gate (left ICCD) and a selected
ICCD gate (right ICCD). However, while the charge packet
1202 1n the lett ICCD 1s confined like charge packet 702 1n
FIG. 7, charge packet 1204 1n the right ICCD exceeds the
charge capacity of the storage region. Instead of blooming
into neighboring storage regions, the excess charge tlows
into the drain.

The ICCD gates are used selectively for blooming control
in an embodiment 1n accordance with the invention. In this
case, during a phase when none of the rows of ICCD stages
are selected for possible itegrating pixel reset, the ICCD
gates are driven to a voltage to permit excess charge to be
drained from the integrating pixels. FIG. 13 1s a modification
of FIG. 7 that shows an unselected row with both ICCD
gates operated to lower the barriers between the ICCDs and
their associated drains. Charge packet 1302 1n the left ICCD
does not exceed the storage region’s charge capacity. Charge
packet 1304 1n the right ICCD exceeds the storage region’s
charge capacity, but the excess charge flows harmlessly mnto
the associated drain. In preferred embodiments of the inven-
tion, when the ICCD gates are used specifically for bloom-
ing control, they need not be driven to the same voltage as
when they are used for selective reset of integrating pixels.
This use of the ICCD gates for blooming control 1s analo-
gous to a lateral overflow drain (LOD) for excess charge.

When the ICCD gates are used for blooming control as
described in the previous paragraph, all stages of the ICCDs
are 1n the unselected state to prevent integrating pixels from
being mnadvertently reset. This 1s achieved by splitting each
phase @1 through ®4 1nto two parts, one part in which a row
of ICCD stages 1s selected for possible integrating pixel
reset and another part in which the row of ICCD stages 1s
deselected and during which the ICCD gates are driven to a
voltage appropriate for blooming control. Alternatively, one
or more of the phases ®1 through ®4 1s used to provide an
opportunity for blooming control. In FIG. 14, phases ®1 and
®3 cach select a row of ICCD stages for possible reset of
integrating pixels, while no ICCD stages are selected for
reset 1n phases ®2 and ®4. During phases ®2 and ¥4 the
ICCD gates are driven to a voltage appropriate for blooming
control as shown 1 FIG. 13. Although this reduces the
number of opportunities for integrating pixel reset, 1t pro-
vides an opportunity every other phase to turn on an LOD
for all the integrating pixels in order to prevent blooming.

In another embodiment 1n accordance with the invention,
two modes of operation are enabled. In one mode of
operation, the ICCD clock lines and gates are operated to
provide selective reset of integrating pixels and, optionally,
blooming control. In a second mode of operation, the ICCD
clock lines are operated only to permit charge transier along
the ICCD; no rows of ICCD stages are selected for possible
reset ol integrating pixels. Also 1 the second mode of
operation, the ICCD gates optionally are operated 1n order to
enable an LOD for blooming protection. This second mode
of operation 1s useful when the scene to be captured has a
low light level and a limited dynamic range, so that all
integrating pixels are integrated over the full length of the
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ICCDs and none are reset. In this case, the charge capacity
of the storage regions 1n the ICCDs 1s increased by main-
taining the voltage of the ICCD gates such that the potential
barrier produced by the gate i1s greater than the barrier
produced when the gate 1s used for selecting an integrating
pixel for reset.

In another embodiment in accordance with the invention,
the ICCD gates are separated into individual gates that are
associated with individual ICCD stages or with individual
ICCD clock lines within the individual stages. Control of the
gates 1s provided by circuitry on another integrated circuit
that 1s connected to the gates by waler-to-water or die-to-die

bonding. For example, individual ICCD gates are associated
with the ICCD clock lines 2 and 3 in FIG. 5 1n each stage

of each ICCD. During phase ®2 1n FIG. 5, charge packets
associated with integrating pixels selected for reset are
allowed to flow 1nto the drain associated with the ICCD by
operating the corresponding individual gates. Since control
of the gates 1s provided by separate circuitry, the gates may
be controlled independently and there 1s no need for select-
ing a row of ICCD stages for possible reset of integrating
pixels.

FIG. 15 shows the operation of individual gates for each
ICCD as described 1n the previous paragraph. FIG. 15 1s
similar to FIG. 8 1n that 1t shows the potential profile across
two ICCDs along clock line 2, but clock line 2 1s 1n 1its
conventional storage state, not in a state to select a row of
ICCD stages. The individual gate associated with the right
ICCD 1s operated to allow the charge packet 1504 associated
with 1ntegrating pixel in the right ICCD to flow into the
drain. The individual gate associated with the left ICCD 1s
set to a point that provides blooming protection, so that
excess charge 1n the charge packet 1502 1s allowed to tlow
into the drain instead of blooming.

Providing individual gates for the ICCD stages allows
increased flexibility 1n operation. For example, for integrat-
ing pixels that are selected to be reset 1n order to reduce their
integration time, those integrating pixels are reset repeatedly
as they pass through each stage of the ICCD.

FIG. 16 1s a plan view of portions of ICCDs of a TDI CCD
in another embodiment of the present invention. ICCD clock
line 1 (502), ICCD clock line 2 (504), ICCD clock line 3
(506) and ICCD clock line 4 (508) are oriented horizontally
in FIG. 16, which also depicts channel stops 1602 and 1604.
A sense node 1606 (e.g., a floating diflusion node electri-
cally isolated from other nodes 1n the device and where
received photocharge may be converted to a voltage) 1s
located between channel stop 1602 and channel stop 1604.

A contact 1608 to the sense node 1606 permits the charge
in the sense node 1606 to be measured and permits the sense
node to be reset by circuitry as will be described below. A
gate 1610 1s operable i different modes to provide a
charge-spillover threshold for the adjacent ICCD integrating
channel and to clear charge from the adjacent channel. As 1n
FIG. 4 discussed above, FIG. 5 represents a cross-section of
a vertical portion of one of the ICCDs in FIG. 16 as shown
by the cut line 5-5 1n FIG. 16. FIG. 17 15 a cross-section that
cuts horizontally through the ICCD of FIG. 16 as shown by
cut line 17-17 1n FIG. 16.

The cross-section of FIG. 17 cuts along ICCD clock line
2 (504) across an ICCD constructed 1n accordance with an
embodiment of the present invention. Channel stop implants
1604 1n FIG. 17 produce potential barriers to separate each
ICCD from adjacent ICCDs. Sense node implant 1606
provides a region that 1s resettable to permit the collection
and measurement of spillover charge from the ICCD 1nte-
grating channel as will be described below 1n more detail.
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Gate 1610 produces a potential region that provides an
adjustable barrier between an ICCD integrating channel and
its corresponding sense node implant 1606.

FIGS. 18-21 are potential diagrams associated with FIG.
17 for an ICCD i accordance with an embodiment of the
invention. In FIGS. 18-21, the ICCD clock lines are driven
to produce the potentials associated with potential diagram
®2 1n FIG. 5 so that a storage region to hold a charge packet
associated with an integrating pixel 1s 1n the ICCD 1integrat-
ing channel adjacent to gate 1610.

In FIG. 18, the gate 1610 1s held in a state that holds
integrating pixel charge packet 1802 in the integrating
channel of the ICCD. The sense node 1606 adjacent to gate
1610 has been reset by momentarily connecting 1t to ground
in order set the sense node potential to a known state. FIG.
18 also depicts a charge packet 1804 1n a neighboring
storage region.

The charge packet 1802 1s held by the storage region
potential profiles produced by the leit channel stop 1604,
ICCD clock line 1 (502), ICCD clock line 4 (508), channel
stop 1602, and gate 1610. The storage region produced by
these elements has a limited capacity for holding electrical
charge. In FIG. 18, the charge packet 1802 1s less than the
charge capacity of the storage region. Conversely, the charge
packet 1902 1 FIG. 19 exceeds the charge capacity of the
storage region. The excess charge from charge packet 1902
1s allowed by the potential produced by the gate 1610 to spill
into the sense node 1606, as shown in FIG. 19 (as shown,
neighboring charge packet 1904 1s unaflected by such a spill
over). Charge that spills 1nto the sense node 1606 1s termed
“spillover charge.” The potential produced by the charge 1n
sense node 1606 may be measured by a measurement circuit,
or the sense node 1606 may be reset in order to remove the
spillover charge, or both actions may be done in sequence 1n
embodiments of the present invention.

In FIG. 20 the gate 1610 1s operated to eliminate the
barrier between the storage region and the sense node 1606,
allowing the charge 2002 1n the storage region to tflow into
the sense node 1606 (again with no impact on neighboring
charge packet 2004). This permits integration to be restarted
for the integrating pixel in the integrating channel of the
ICCD. I the sense node has suflicient charge capacity it 1s
capable of holding all of the charge from the storage region.
Alternatively, the charge 1s removed by resetting the sense
node.

FIG. 21 shows the state of the sense node 1606 and the
storage region after removing the charge from the storage
region and sense node 1606 by operating the gate 1610 as in
FIG. 20, resetting the sense node, and restoring the gate
1610 to 1ts barrier state (as in FIGS. 18-20, neighboring
charge packet 2104 remains in 1ts storage region). At this
point, photocharge begins to collect 1n the storage region
(resulting 1n, e.g., the state illustrated 1n FIG. 18). Resetting
the mtegrating pixel in this way eflectively reduces the
available integration time for the reset integrating pixel to be
the time spent 1n the remaining ICCD stages between where
the integrating pixel reset occurred and the end of the ICCD.

By providing each stage of the ICCD with a gate and a
sense node as described above, any integrating pixel being
clocked along an ICCD may be reset at any ICCD stage by
the operation of the gate and sense node as described with
respect to FIGS. 18-21. The selective reset of integrating,
pixels provided by this arrangement enables integrating
pixels associated with bright regions of the scene to be reset
at a point close to the end of the ICCD, thereby permitting
them to have a short eflective integration time. In a similar
tashion, integrating pixels associated with middle ranges of
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scene brightness are enabled to be reset in the middle of the
ICCD, permitting them to have a medium length effective
integration time. Integrating pixels associated with dark
areas of the scene do not have to be reset at all, permitting
them to have the maximum integration time allowed by all
stages ol the ICCD. This has the eflect of significantly
increasing the dynamic range of the TDI 1image sensor.

The embodiment described above provides the advantage
of increased dynamic range without the shortcomings of
carlier approaches. For example, compared to conventional
charge measurement circuitry, the gate and sense node
associated with an ICCD stage are compact structures. All of
the ICCD stages are 1identical in the disclosed embodiment,
unlike the conventional stages that incorporate specialized
charge measurement and discharge circuitry. Embodiments
ol the present invention also do not require the placement of
a contact 1n the ICCD for charge measurement, thereby
climinating the possibility of disrupting the integrating pixel
with dark current or other undesirable effects. Finally, since
the gate and sense node are externally controllable, the entity
that controls these elements and thereby causes the reset of
integrating pixels has knowledge of which integrating pixels
were reset and at which ICCD stage they were reset.
Consequently, in contrast to the output pixels produced by
conventional sensors, there 1s no ambiguity regarding the
output pixels: since the reset conditions for a given integrat-
ing pixel are known, the integration time for the correspond-
ing output pixel 1s also known.

As was described previously with respect to FIGS. 18 and
19, the storage regions produced by the ICCD clock lines,
barrier 1mplants, and gates have a limited capacity for
holding electrical charge. If the charge capacity of a storage
region 1s exceeded by an integrating pixel’s charge packet,
the excess charge may spill into adjacent ICCDs or adjacent
storage regions, thereby corrupting nearby integrating pixels
(which, as detailed above, 1s typically referred to as “bloom-
ing”’). This 1s a particular problem for those integrating
pixels associated with the brightest regions of the scene. For
example, 11 a particular integrating pixel 1s selected for reset
one ICCD stage before being read out of the ICCD, this
means that 1t requires only one stage of integration to reach
a reasonable signal level for measurement. If there are
sixteen stages in the complete ICCD, this particular inte-
grating pixel has probably exceeded the charge capacity of
the storage regions after integrating for only a few stages. As
it continues to collect charge after that point, the integrating
pixel may cause blooming.

In order to mitigate the potential for blooming, integrating,
pixels selected for reset at a particular ICCD stage may be
reset at every earlier opportunity, as also described above.
For example, 1f an integrating pixel is reset one ICCD stage
betore readout, 1t 1s also reset 1n every earlier ICCD stage 1t
passes through that includes a gate and sense node. Alter-
natively, the gate 1s used selectively for blooming control in
an embodiment in accordance with the invention. In this
case, the gate 1s set to a level that sets a threshold for charge
that 1s lower than the other storage region barriers, causing
excess charge to spill preferentially over the gate barrier into
the sense node. This use of the gate for blooming control
produces a lateral overtlow drain for excess charge. Note
that the threshold for spillover charge 1s adjustable depend-
ing on the voltage applied to the gate.

The discussion to this point relates to using the gate and
sense node for resetting an integrating pixel or for providing
blooming protection. The gate and sense node also provide
a way to measure the spillover charge. This measurement 1s
used to make decisions regarding which integrating pixels to
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reset and at which ICCD stage to set them. Alternatively, the
spillover charge measurements are used to augment the
measured integrating pixels.

FIG. 22 shows a spillover charge measurement circuit
2200 1n accordance with an embodiment of the invention.
Sense node 1606 1s eclectrically connected to reset and
readout circuitry by a conductor 2202. The voltage of gate
1610 1s controlled by a conductor 2204 and a terminal 2206.
The sense node 1606 1s connected to a source follower 2208.
A reset gate 2210 1s operated by a terminal 2212 1n order to
connect the sense node 1606 to ground to establish a known
reset state for the sense node 1606. Sense node 1606
converts spillover charge into a voltage, a process that
depends on the capacitance of the sense node 1606: a small
capacitance produces a higher voltage than a large capaci-
tance for the same amount of charge. The voltage at the
sense node 1606 1s applied to the gate of source follower
2208 i1n order to bufler the source follower voltage and
provide drive for an output terminal 2214. Optional select
gate 2216 1s operated by a terminal 2218 1n order to either
connect source follower 2208 to commonly used readout
circuitry or to 1solate it from other source followers that
share the same readout circuitry. The circuitry 2200 may be
tabricated in the same substrate as the TDI CCD and
associated gate and sense node with which it 1s associated,
or it may be fabricated in a different substrate that 1is
clectrically connected to the gate and sense node in the TDI
CCD substrate by conductors 2204 and 2202 (as indicated
by mterface 2220). Such connection may be achieved by
waler-to-water or die-to-die bonding 1n ways well-known to
those skilled 1n the art.

Measurement of spillover charge begins with gate 2216
being turned on by terminal 2218 to connect source follower
2208 to output terminal 2214. Sense node 1606 1s reset to a
known state by momentarily turning on reset gate 2210 with
terminal 2212. After sense node 1606 1s reset and reset gate
2210 1s turned ofl, the voltage at output gate 2214 1s sampled
and held; this 1s the reset sample. After a period of time to
collect spillover charge in the sense node 1606, the voltage
at output gate 2214 i1s sampled and held again; this 1s the
signal sample. The measurement of the spillover charge 1s
the difference between the signal sample and the reset
sample. The reset, reset sample, spillover accumulation
time, and signal sample may all occur during phase ®2
(FIGS. 5, 16, and 17), or reset and reset sample may occur
during phase ®4 when the gate 1s adjacent to a barrier region
and signal sample may occur during subsequent phase ®2
when the gate 1s adjacent to a storage region. Although the
described embodiment of spillover charge measurement
employs correlated double-sampling 1n a manner well-
known to those skilled in the art, a measurement may also
be done with only the signal sample, although the result may
have somewhat higher error. The capacitance of the sense
node 1606 may be made very small so small amounts of
spillover charge cause large voltage swings at the sense node
1606; this effectively provides a high gain measurement of
the spillover charge.

The measured spillover charge 1s used for any of several
purposes in embodiments 1n accordance with the invention.
For example, the charge spillover measurements associated
with the passage of an integrating pixel along the ICCD may
be stored and used along with the measured integrating pixel
to determine a final extended dynamic range pixel. Integrat-
ing pixels associated with dark areas of a scene to be
captured will typically have no spillover charge, so the
spillover charge measurements will be zero and the mea-
sured integrating pixel alone provides the result. Integrating
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pixels associated with bright areas of the scene may have
significant amounts of spillover charge beginning soon after
the integrating pixels begin travelling along the ICCD. The
combination of the spillover charge measurements for a
brightly illuminated integrating pixel and the measurement
of the mtegrating pixel itself provides the final pixel value.
Integrating pixels associated with mid-range brightness
areas of the scene will typically have modest amounts of
charge spillover that begins after some number of ICCD
stages have been passed by the integrating pixels. In this
case, the non-zero spillover charge measurements for a
mid-range illuminated integrating pixel and the measure-
ment of the integrating pixel itself provides the final pixel
value. In order to avoid accumulating noise from spillover
charge measurements 1in the determination of the final pixel,
a threshold may be applied to the spillover charge measure-
ments to determine whether or not a particular measurement
should be used.

The spillover charge measurement may also be utilized to
determine which integrating pixels to reset and at which
stage of the ICCD to reset them. For example, 11 spillover
charge 1s detected after an integrating pixel has traversed the
first two stages of an 1CCD, then the light level for that
integrating pixel 1s such that the integrating pixel requires
only a single stage of integration. Consequently, the inte-
grating pixel 1s reset through every subsequent stage of the
ICCD until it reaches the final stage, at which point 1t 1s
allowed to integrate through the final stage. Similarly, 1f
spillover charge 1s detected after an integrating pixel has
traversed the first six stages of an ICCD, then the light level
for that integrating pixel 1s such that the integrating pixel
will produce a strong, but not overtlowing, signal level after
five stages of integration. In this case, the integrating pixel
1s reset through every subsequent stage of the ICCD until 1t
reaches the fifth to last stage, at which point it 1s allowed to
integrate through the final five stages. Note that the number
of stages of integration determined and used for each
integrating pixel 1s reported by the entity that makes the
determination (e.g., the controller) so that 1t may be used
along with the measured integrating pixel to product the
final pixel.

When charge spillover detection 1s used to determine the
number of stages used for integrating each integrating pixel
as described 1n the previous paragraph, an issue may arise 1f
spillover 1s detected only after an integrating pixel passes the
haltway point 1n the ICCD. In this case, the required number
of stages for integration 1s less than the full number 1n the
ICCD but more than the number of stages already passed by
the integrating pixel. This 1s addressed by adjusting the
potential produced by the gate to allow spillover at a lower
level of charge 1n earlier stages of the ICCD. For example,
by setting the gate threshold atfter the first stage of a 16-stage
ICCD to Vis the maximum charge capacity of a storage
region of the ICCD, any integrating pixels that do not cause
charge spillover of that lower gate threshold can integrate for
the tull 16 stages without causing charge spillover. If charge
spillover occurs, the measured charge spillover 1s used to
determine how many stages of integration are required,
provided the charge spillover does not saturate the sense
node 1606. If the charge spillover saturates the sense node,
then the next stage of the ICCD has 1ts gate adjusted to allow
spillover at a higher amount of charge, thereby refining the
measurement of spillover charge for those integrating pixels
that saturated the measurement at the first stage. Such
adjustment of gate thresholds and detecting and measuring
spillover charge may be used 1n a successive-approximation
fashion to determine the number of final stages through
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which each integrating pixel should be run, resetting the
integrating pixel up until that point. Vanations in gate
thresholds due to manufacturing or other variations may
require calibration or application of calculation thresholds
when using the spillover charge measurements 1n determin-
ing a final pixel value or when used for spillover charge
detection. Although the ftransistors and reference levels
described above have been NMOS transistors and reference
levels suitable for operation with an electron-collecting
CCD arrangement, PMOS transistors and corresponding
reference levels may be used with a hole-collecting CCD
arrangement.

Although mechanisms for determining which integrating
pixels to reset and at which ICCD stage to reset them have
been described above, the determination may also be based
in whole or 1n part on a prediction of scene content. The
prediction may be made either because the scene content 1s
well controlled and may be accurately anticipated or because
an earlier 1mage of the scene has been captured and upon
which the prediction 1s based. Alternatively, a separate
sensor may be arranged preceding the TDI sensor in the
scanning process, thereby providing a captured image of the
scene that 1s closely followed by capture of the same scene
by the TDI sensor. The earlier captured 1mage of the scene
may have a reduced dynamic range or increased noise
compared to the TDI capture, but the earlier captured image
1s suflicient to determine which mtegrating pixels to reset
and at which ICCD stage to reset them 1n the TDI capture.
There may be a one-to-one correspondence between pixels
in the earlier captured image and the integrating pixels 1n the
TDI capture, allowing the determination regarding integrat-
ing pixel reset to be made based on the corresponding pixel
in the earlier captured image. Alternatively, the earlier
captured 1mage may have multiple pixels corresponding to
the integrating pixels 1n the TDI capture, allowing the
determination regarding integrating pixel reset to be made
on the basis of several corresponding pixels in the earlier
captured 1mage. In yet another alternative, each pixel of the
carlier captured image may correspond to several integrating
pixels 1n the TDI capture, with the determination of inte-
grating pixel reset being made collectively for small clusters
of integrating pixels or being made on the basis of an
interpolation of the pixels of the earlier captured 1mage.

FIG. 23 illustrates yet another embodiment 1n accordance
with the mvention 1n which the dynamic range of the TDI
CCD sensor 1s enhanced wvia the selective blocking of
portions of the scene to be 1maged (preferably bright areas
of the scene). In FIG. 23, light from a scene element 2302
1s collected by an optical system 2304 1n order to produce an
optical 1mage on the face of a transmissive optical mask
array 2306. The optical mask array 2306 may be either 1n
contact with or 1 very close proximity to a TDI image
sensor 2308. The optical mask array 2306 may be an array
of switchable optical elements, each of which may be
switched between an optically transmitting state and a
partially or completely optically blocking state. Since TDI
image sensor 2308 1s used, the optical image moves with
respect to the TDI image sensor 2308 and the optical mask
array 2306, and the TDI image sensor 2308 i1s clocked
concurrently with the movement of the optical 1mage.
Simultaneously with the clocking of the TDI image sensor
2308 and the movement of the optical image, the switchable
optical elements of the optical mask array 2306 are switched
in order to match the motion of the optical image and the
clocking of the TDI image sensor 2308. In this manner, the
optically attenuating or blocking mask 2306 may be utilized
to track a bright area of the scene, thereby preventing at least
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a portion of the bright light from reaching the TDI image
sensor 2308. For example, the light from a bright area of the
scene may be controlled by using the switchable optical
clements of optical mask array 2306 to provide a synchro-
nously travelling optical mask that blocks light from reach-
ing the TDI image sensor 2308 for part of the time that the
corresponding integrating pixels 1 the TDI 1mage sensor
2308 are being clocked through the ICCDs of the TDI image
sensor 2308. Knowledge of which pixels in the image
captured by the TDI image sensor were aflected by the
optical mask 1s combined with the pixels of the captured
image in order to provide an extended dynamic range 1mage.
(That 1s, the level of light attenuation due to the mask array
2306 may be utilized to determine the actual brightness level
of the masked pixel after image capture.) In various embodi-
ments of the present invention, the optical mask array 2306
1s partially attenuating for the full time that corresponding
integrating pixels travel along the ICCDs of the TDI image
sensor, fully attenuating for part of the travel time, or a

combination of partially attenuating and fully attenuating for
the travel time.

The optical mask array 2306 1n FIG. 23 may be fabricated
in any of several different ways. In one embodiment of the
present mvention, the optical mask array 2306 1s made by
employing liquid crystal technology. The liquid crystal
material, 1n conjunction with optical polarizers and X-Y
addressing and control schemes commonly used for liquid-
crystal-based displays, provides a traveling attenuator that 1s
adjustable over a wide range of attenuation. In another
embodiment of the present invention, optical mask array
2306 1s made using micro-electromechanical systems
(MEMS) to provide individual mechanical shutters that open
and close to selectively allow or prevent light from reaching
the TDI sensor 2308.

The mndividual switchable optical elements 1n the optical
mask array 2306 may have a one-to-one correspondence
with CCD elements in the TDI image sensor 2308, there may
be multiple switchable optical elements 1n the optical mask
array 2306 for each CCD element, or there may be multiple
CCD elements for each switchable optical element. Addi-
tionally, the optical mask array 2306 may be in intimate
contact with the TDI image sensor 2308 to cast sharply
defined 1mages of the switchable optical elements onto the
surface of the TDI 1image sensor, or it may be placed 1n a
slightly defocused position in order to soften the edges
between the switchable optical elements.

Another embodiment of the present invention that
employs an alternative optical arrangement 1s shown 1n FIG.
24. In this arrangement, light from the scene element 2302
1s collected by optical system 2304 1n order to produce an
optical image on the face of transmissive optical mask array
2306. The 1mage transmitted through the optical mask 1s
then collected by a relay lens 2400 in order to produce a
masked optical image on the face of the TDI image sensor
2308. In other regards this arrangement typically operates
the same way as the arrangement of FIG. 23.

Another embodiment of the present nvention that
employs an alternative optical arrangement 1s shown 1n FIG.
25. In this arrangement, light from the scene element 2302
1s collected by optical system 2304 1n order to produce an
optical 1mage on the face of a retlective optical mask array
2500. The mmage reflected by the optical mask 1s then
collected by relay lens 2502 1n order to produce a masked
optical image on the face of the TDI image sensor 2308. In
one embodiment of the present invention, the reflective
optical mask array 2500 1s fabricated by placing a reflective
surface (e.g., a mirror) behind the transmissive optical mask
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array 2306 of FIGS. 23 and 24. In another embodiment, the
reflective optical mask array 2500 employs a micro-mirror
array (another type of MEMS structure) in which the array
clements are mirrors that are individually switchable either
to reflect light toward the TDI image sensor 2308 or to
reflect light away from the TDI image sensor 2308.

As mentioned previously, the determination of the inte-
grating pixels to be optically masked may be based a
prediction of scene content. The prediction may be made
either because the scene content 1s well controlled and may
be accurately anticipated or because an earlier image of the
scene has been captured and upon which the prediction 1s
based. Alternatively, a separate sensor may be arranged
preceding the TDI sensor in the scanning process, thereby
providing a captured image of the scene that 1s closely
followed by capture of the same scene by the TDI sensor.
The earlier captured 1image of the scene may have a reduced
dynamic range or increased noise compared to the TDI
capture, but the earlier captured image i1s suflicient to
determine which integrating pixels require optical masking.
There may be a one-to-one correspondence between pixels
in the earlier captured 1mage and the integrating pixels 1n the
TDI capture, allowing the determination regarding optical
masking to be made based on the corresponding pixel 1n the
carlier captured image. Alternatively, the earlier captured
image may have multiple pixels corresponding to the inte-
grating pixels 1in the TDI capture, allowing the determination
regarding optical masking to be made on the basis of several
corresponding pixels 1n the earlier captured image. In yet
another alternative, each pixel of the earlier captured image
may correspond to several integrating pixels i the TDI
capture, with the determination of optical masking being
made collectively for small clusters of integrating pixels or
being made on the basis of an interpolation of the pixels of
the earlier captured image.

The sensor that provides the earlier captured 1mage gen-
erally precedes the TDI image sensor in the scanning pro-
cess, and may therefore be termed a “leading sensor.” FIG.
26 depicts a TDI CCD mmage sensor 2600 with a leading
linear array 1mage sensor 2602. Light from a scene element
2604 1s collected by an optical system 2606 in order to
produce an optical image 2608 that extends across the face
of the TDI image sensor 2600 and also on the leading linear
array 1mage sensor 2602. Scene element 2604 moves ver-
tically upward with respect to optical system 2606 and the
two 1mage sensors 2600, 2602, causing corresponding opti-
cal 1mage 2608 to move vertically downward across the
linear array image sensor 2602 and the TDI 1image sensor
2600. Since each element of the image 1s {irst encountered
by the leading 1image sensor 2602, the captured image from
the leading image sensor 2602 may be utilized to make
decisions regarding the operation of the TDI 1mage sensor
2600 and/or an optical mask utilized therewith, as discussed
above.

The leading i1mage sensor, in addition to 1its use as a
predictive sensor, 1s used 1n one embodiment of the inven-
tion to provide additional scene information. For example,
the additional scene information includes color information
if the TDI sensor does not capture color information. (For
example, portions of the leading sensor may incorporate
color filters each passing light of a particular color or portion
of the electromagnetic spectrum, and the photocharge gen-
erated therein may thus provide color information for the
captured scene, and the TDI sensor may not incorporate such
color filters and may thus collect only monochrome intensity
levels related to the scene.) By way of example, the leading
image sensor may be a linear array sensor, a multiple linear
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array sensor, an area array sensor, or a TDI sensor. Also by
way of example, the leading image sensor may be separate
from the associated TDI sensor or may be integrated into the
same 1ntegrated circuit substrate as the TDI sensor.

A trailing image sensor, one that 1s preceded in the
scanning process by the TDI sensor (but otherwise
resembles the leading 1image sensor described above), may
be used to provide a later captured image. The later 1image
may be used 1 conjunction with an earlier captured 1mage
to determine that no sigmficant changes occurred in the
scene between the time the earlier captured image was
captured and the time that later captured image was cap-
tured. Changes detected 1n the scene between the earlier and
later captured 1mages may be used to flag pixels 1in the TDI
captured 1mage as potentially being under- or over-exposed
because of an incorrect TDI captured image prediction

and/or because of an incorrect optical masking determina-
tion based on the earlier captured image.

The foregoing description of a TDI CCD with selective
pixel integration period will be understood by one skilled 1n
the art. Vanations and modifications may be eflected within
the spirit and scope of the invention. By way of example, a
different number of phases may be used to clock charge
packets along the ICCD, barrier implants may be used in the
ICCDs to permit two-phase operation, and implants may be
used to adjust gate threshold levels. In another example, the
RCCD 1s replaced with alternative readout circuitry, either
on the same substrate as the ICCDs or on a separate
substrate. All of these varnations and others contemplated or
made by one skilled 1n the art remain within the scope of the
invention.

The terms and expressions employed herein are used as
terms and expressions of description and not of limitation,
and there 1s no intention, in the use of such terms and
expressions, of excluding any equivalents of the features
shown and described or portions thereof. In addition, having
described certain embodiments of the invention, 1t will be
apparent to those of ordinary skill in the art that other
embodiments incorporating the concepts disclosed herein
may be used without departing from the spirit and scope of
the invention. Accordingly, the described embodiments are
to be considered 1n all respects as only illustrative and not
restrictive.

What 1s claimed 1s:

1. An imaging system comprising:

a time-delay-and-integrate (ITDI) image sensor compris-
ing (1) a plurality of identical integrating CCDs (IC-
CDs), arranged 1n parallel and abutting each other, that
accumulate photocharge in response to exposure to
light, (11) electrically coupled to the plurality of ICCDs,
a readout CCD (RCCD) for receiving photocharge
from the plurality of ICCDs, and (111) electrically
coupled to the RCCD, readout circuitry for converting,
charge received from the RCCD into voltage;

an optical system for recerving light from a scene to be
imaged and projecting 1t on the plurality of ICCDs; and

wherein each ICCD comprises (1) a plurality of indepen-
dently controllable stages, (11) a photosensitive channel
for containing photocharge and a channel stop to pro-
duce a barrier to separate each ICCD from adjacent
ICCDs, (111) for each of a plurality of charge collection
regions, a sense node located between the photosensi-
tive channel and the channel stop for measuring pho-
tocharge received thereby from the photosensitive
channel, and (1v) for each of the plurality of charge
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collection regions, a gate for controlling flow of pho-
tocharge from the photosensitive channel to the sense
node, and

the 1maging system comprises, for each charge collection
region, a spillover charge measurement circuit to alter-
natively reset the sense node and measure a charge 1n
the sense node of an associated charge collection

region.

2. The imaging system of claim 1, further comprising a
plurality of clock lines (1) disposed substantially perpen-
dicular to the ICCDs and (1) each controlling a particular
stage common to all of the ICCDs.

3. The imaging system of claim 1, further comprising a
control system configured to (1) measure spillover charge
received by the sense node from the channel and (11) reset the
sense node by applying a bias thereto to remove the spillover
charge therefrom.

4. The imaging system of claim 3, further comprising a
control system configured to measure photocharge received
by the sense node from the channel.

5. The imaging system of claim 4, wherein the control
system 15 configured to reset a selected stage based at least
in part on a previously captured image.

6. An 1maging device comprising:

a time-delay-and-integrate (TDI) image sensor compris-
ing a plurality of mtegrating CCDs (ICCDs) arranged
in parallel 1n a first direction, each of the plurality of

ICCDs moving charge from a plurality of charge col-

lection regions to corresponding adjacent charge col-

lection regions 1n a second direction using a plurality of
phase clock signals, comprising a plurality of phase
clock signal conductors extending across the plurality
of ICCDs 1n the first direction; and

a readout CCD (RCCD) for receiving photocharge from
the plurality of ICCDs,

wherein each of the plurality of ICCDs further comprises,
for each of the plurality of charge collection regions:

a channel region;

a sense node located between the charge collection
region and a channel stop for measuring photocharge
recetved thereby from the channel region;

a gate for controlling flow of photocharge from the
channel region to the sense node; and

a spillover charge measurement circuit to alternatively
reset the sense node and measure a charge in the
sense node.
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7. The imaging device of claim 6, wherein the sense node
comprises a tloating diffusion.

8. The imaging device of claim 6, wherein each of the
plurality of ICCDs further comprises, under a corresponding
phase clock signal conductor:

a first barrier region at a first side of the channel region;

and

a second barrier region at a second side of the sense node.

9. The imaging device of claim 8, wherein the second
barrier region of a first one of the plurality of ICCDs forms
the first barrier region of a second one of the plurality of
ICCDs.

10. The imaging device of claim 6, further comprising:

a readout CCD (RCCD) coupled to outputs of the plural-

ity of ICCDs; and

a charge measurement and amplifier circuit coupled to the

output of the RCCD.

11. The imaging device of claim 6, further comprising:

an optical system for recerving light from a scene to be

imaged and projecting 1t on the plurality of ICCDs.

12. A method of image capture utilizing a time-delay-
integrate (1DI) image sensor comprising a plurality of
integrating CCDs (ICCDs) arranged in parallel in a first
direction, each of the plurality of ICCDs moving charge
from a plurality of charge collection regions to correspond-
ing adjacent charge collection regions 1n a second direction
using a plurality of phase clock signals, the method com-
prising;:

routing a plurality of phase clock signal conductors cor-

responding to the plurality of phase clock signals across
the plurality of ICCDs 1n the first direction used 1n the
TDI image sensor, thereby forming rows of charge
collection regions;

reading out charge from the plurality of ICCDs using a

readout CCD (RCCD); and
for each of the plurality of charge collection regions 1n the

plurality of ICCDs:

resetting a sense node;
collecting charge 1n a charge collection region of a first

row of a first ICCD;
transierring spillover charge from the charge collection

region to the sense node; and
converting the spillover charge in the sense node to a

voltage.
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